Widespread adoption of innovative water conservation strategies has potential unintended consequences for aesthetics and public health. A cross-section of green buildings were surveyed and compared to typical conventional buildings in terms of water retention time (i.e., water age), water chemistry, and levels of opportunistic pathogen genetic markers. Water age was estimated to be 2-6.7 months in an off-grid office, an average of 8 days in a Leadership in Environmental Engineering Design certified healthcare suite, and was increased to 2.7 days from 1 day due to installation of a solar "pre-heat" water tank in a net-zero energy house. Chlorine and chloramine residuals were often completely absent in the green building systems, decaying up to 144 times faster in premise plumbing with high water age when compared to distribution system water. Concentration of 16S rRNA and opportunistic pathogen genus level genetic markers were 1-4 orders of magnitude higher in green versus conventional buildings. This study raises concerns with respect to current green water system practices and the importance of considering potential public health impacts in the design of sustainable water systems.
Introduction
The number of buildings marketed as "green" is increasing exponentially, with >75 000 certified Leadership in Energy and Environmental Design (LEED) projects in 2014 versus <7500 in 2010. 1 Within 10 years the annual global market for energy efficient building products is predicted to exceed $620 billion, with 40-48% of new non-residential construction classified as green by 2015. 2, 3 Green potable water systems are operationally defined as those achieving at least a 20% overall decrease in potable water use compared to designs that implement no water conservation/efficiency strategies while also meeting applicable plumbing codes. For instance, LEED offers "points" toward certification for reducing potable water demand by 20-50% through use of water efficient landscapes and low flow fixtures. 4 However, consequences to public health that may result from increased stagnation in premise plumbing (i.e., increased premise plumbing water age) due to reduced water demand is a generally overlooked aspect of water conservation. It is well established that high water age is problematic in main distribution systems, contributing to problems with corrosion, taste and odors, and microbial regrowth. 5 High water age in premise plumbing can further amplify such problems and also instigate proliferation of human pathogens. [6] [7] [8] [9] Synergistic effects can be incurred when both distribution and premise plumbing system water ages are high, as demonstrated in a few copper pitting corrosion case studies. 10 Water age is likely to increase in both distribution and premise plumbing systems as water conservation practices are adopted at the community level. One study reported total utility system water demand decreased between 1997 and 2010 in 70% of municipalities surveyed (n = 436), with 15% of those systems decreasing by at least 25% between 2007 and 2010. 11 These trends have given rise to concerns that widespread adoption of green building and water conservation practices will create another "conservation conundrum" and further detract from potable water quality in buildings.
Higher water age also has possible implications for opportunistic pathogens in premise plumbing (OPPPs), including Legionella spp. (especially L. pneumophila), Mycobacterium avium complex (non-tuberculosis mycobacteria), Pseudomonas aeruginosa, Acanthamoeba spp., and Naegleria fowleri, which are now the waterborne pathogens of highest concern in the U.S. 8, 15, 16 OPPPs can thrive under conditions created by premise plumbing, including the presence of materials that rapidly react with disinfectants or leach nutrients to water, inherently high plumbing surface area to volume ratios, widely variable flow conditions, numerous dead ends, impaired ability to achieve and maintain thermal targets that discourage microbial growth, and high water age. [6] [7] [8] [17] [18] [19] [20] OPPPs are integral members of potable water microbial communities and have complex life cycles, including amplification and enhanced virulence when hosted by free-living amoebae such as Vermamoeba vermiformis. 21 L. pneumophila causes about 90% of reported premise plumbing related disease outbreaks, with other ecologically-related Legionella spp. also a cause for health concern. 7, 8, 15, 22 Only a few prior studies have touched upon the potential for OPPPs to proliferate in green water systems. In two conventional plumbing systems fitted with electronic-eye or hands-free metered faucets, higher colonization rates of Legionella spp. and P. aeruginosa were observed relative to conventional faucets. 23, 24 Another study showed higher colonization rates in faucets with larger hot and cold mixing volumes. 25 In off-grid rainwater buildings, the occurrence of OPPPs, in particular L. pneumophila, has been documented and roof-collected rainwater system contamination has been serologically linked to Legionnaires' disease. [26] [27] [28] [29] [30] However, prior studies did not investigate or report basic system features expected to influence OPPPs such as storage methods, plumbing materials, water chemistry, water demand, or water treatment in such facilities. Further, pathogen occurrence data is needed to inform quantitative microbial risk assessment models and raise awareness if a health concern is justified. 27, 31 The purpose of this study was to conduct the first survey of a cross-section of cutting-edge green buildings in order to establish a baseline understanding of water age, water quality characteristics, and design differences relative to conventional buildings. Water systems were characterized in terms of disinfectant residual, disinfectant decay rates, and levels of genetic markers corresponding to total bacteria, Legionella spp., L. pneumophila, M. avium, and V. vermiformis using quantitative polymerase chain reaction (qPCR).
Experimental

Description of field sites
Four buildings with a cross-section of energy and water conservation strategies were surveyed and sampled to explore effects of green plumbing systems on water quality ( Table 1) . The buildings included a conventional house with no conservation features (Fig. 1a) , a healthcare suite (Fig. 1b) , a netzero energy house (Fig. 1c) , and a net-zero energy and netzero water office building (Fig. 1d) was served by the same public utility at the net-zero house, and no water conservation features. The healthcare suite occupied the first floor of a LEEDGold building. Water was supplied by a public utility with monochloramine residual. The suite had 20 exam rooms, each with a manually operated faucet for hand-washing (≤5.7 L min −1 ; ≤1.5 gpm flow rate), five bathrooms with electronic faucets (1.9 L min −1 ; 0.5 gpm flow rate), and one kitchenette sink. The minimum pipe diameters (1/2-1″) specified in the plumbing code ensured adequate supply capacity for the large number of fixtures, but resulted in a high volume of water storage relative to the demand in this facility, which was essentially limited to bathroom use and hand-washing. All plumbing in this facility was copper. Hot water was supplied to two individual wings of this facility by 80 gallon water heaters. The small net-zero energy and net-zero water office building collected, treated, and stored rainwater for all potable and non-potable uses. This building minimized water demand by using composting toilets, installing 1.0 gpm fixtures on all taps, and having no outdoor irrigation. Supply lines were 1/2 or 3/4″ copper pipe and hot water was supplied to individual taps by 7 gallon water heaters.
Sampling routine
A sampling plan was developed for each field site based on building performance data, investigation of building plumbing blueprints, and field observations. The sampling plan This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
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was designed to capture profiles of water quality as it was flushed from taps. In particular, samples collected at each building were representative of the lowest and highest water age (i.e., influent and the portions of the plumbing system that were most distal to the influent water). The net-zero energy house was visited twice: once before the start of the net-zero energy experiment when the water had been relatively stagnant for two months and again after it was used regularly for two months. During the first visit to the net-zero energy house, water was flushed extensively until it was representative of water from the main distribution system, as indicated by steady cold water temperatures and chlorine residuals, but this was not possible during the second visit because of an energy experiment that was then in progress. Therefore, water from three showering events, which were part of the energy study, were sampled instead. At the healthcare suite, hot and cold water was sampled in four exam rooms at the end of the plumbing system. Starting with the first flush, grab samples were collected until a disinfectant residual consistent with the main distribution system was obtained. Afterwards, the taps were shut off and water was allowed to sit stagnant and low volume samples (~35 mL) were collected at regular intervals during stagnation for physical and chemical parameters.
At the net-zero rainwater office, only stagnant and moderately flushed (3 minutes) water samples were collected from the taps because the facility was not connected to a water main. Therefore, additional flushing would not have a beneficial impact on water quality typically expected in systems connected to water utilities.
Water quality analysis
Temperature, pH, ammonia, nitrite, and total chlorine were measured in the field at the time of collection using a pH 110-Series meter (Oakton Research, Vernon Hills, Il) or a DR2700 spectrophotometer (Hach, Loveland, CO) according to standard methods. Aliquots were transported to the lab on ice and analyzed using USEPA Method 300.1 for anions. Cations were measured by inductively coupled plasma mass spectrometry after acidification with 2% nitric acid (v/v) and >24 hours holding time. Samples of unacidified water were passed through a 0.45 μm pore size filter in the field to differentiate "soluble" metals and later acidified with 2% nitric acid (% v/v). Biological activity reaction tests (BARTs; Hach, Loveland, CO) indicating the presence/absence of viable nitrifying bacteria were used for select samples.
Biological sample processing
Water samples were transported on ice and filtered through a 0.22 μm pore-size mixed cellulose ester filters (Millipore, Billerica, MA) within 36 hours of collection. Bottles were pre-dosed with filter-sterilized sodium thiosulfate to remove disinfectant residuals where applicable. Stagnant water samples (first draw) were 250-500 mL while flushed samples (following a three minute flush) were 1 L. FastSpin DNA extraction kits (MP Biomedicals, LLC) were used, and protocols are described elsewhere. 31 
Quantitative Polymerase Chain Reaction (qPCR) and statistical analysis
Legionella spp. (Leg 23S rRNA gene), L. pneumophila (macrophage infectivity potentiator (mip) gene), V. vermiformis (18S rRNA gene), M. avium (16S rRNA gene), and total bacteria (16S rRNA gene) were quantified using previously developed and reported methods using primers targeting the gene markers noted parenthetically for each target. 31 The optimal dilution for minimizing the effect of PCR inhibitors was identified by performing a dilution series with positive control spikes on a subset of samples. The lowest dilution that yielded consistent quantification was chosen (in this case, 1 : 10). All values are reported as log (gene copies per mL + 1). Samples with detectable but non-quantifiable numbers were recorded as 0.5 log gene copies per mL. Non-parametric Mann-Whitney U-tests were performed on non-transformed qPCR data to identify statistically significant differences in the concentrations of bacterial genes where applicable (p-value < 0.05).
Results
This study provided detailed documentation of the potable water systems in three innovative green buildings (Fig. 1) . After reviewing the characteristics of each water system and closely examining trends in disinfectant residuals within the buildings, we provide an overview of microbial sampling from each building.
3.1 Survey of building water systems 3.1.1 Water age. A survey of the three green buildings revealed extremely high water age associated with innovative features intended to conserve water and energy. The net-zero rainwater office building offered on-site storage of up to 11 350 L (3000 gallons) to provide sufficient water through regular periods without rain. Demand was estimated to be 1700 L month (0.26 gallons per ft 2 year −1 ), which is 60 times lower than typical commercial buildings. 32 Very low use at each tap in patient exam rooms, coupled with large diameter pipes stipulated by plumbing code, resulted in an average overall premise plumbing water age of 8 days. At the net-zero energy house, the solar water heater increased the hot water storage and hot water age from <1 day to~2.7 days. The conventional home used more than 4 times more water than the net-zero energy house studied. 3.1.2 Temperature profiles. Temperature profiling of the green buildings generally revealed the need for very extensive flushing to draw fresh distribution system water to the point of use. In general, temperatures were in the ideal growth range for OPPPs (35-42°C). 22 In the healthcare facility, with 17°C water in the distribution main, 70 minutes of continuous cold water flushing was required for water temperatures to drop below maximum cold water recommendations for OPPPs control (20°C). 33 The cold water lines at the net-zero energy house reached lower temperatures much faster (<5 minutes) than the healthcare facility, likely owing to the fact that it is a much smaller building. However, after thoroughly flushing the hot water system, the temperature in the solar "pre-heat" tank did not increase (on a partly cloudy day), whereas the electric water heater downstream recovered to its set point of 49°C within an hour. Clearly, in the solar water heater there were long periods during which the water temperature was not sufficient to control regrowth (i.e., >55°C).
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The net-zero rainwater office building was characterized by warm temperatures, even in the cold water, and flushing did not lower the temperature for this building. During the summer sampling, water temperatures were consistently >23°C, whereas groundwater systems are typically <20°C. 3.1.3 In-building treatment at the net-zero rainwater office. The net-zero rainwater office provided an opportunity to examine the effects of in-building treatment, which is a common strategy for managing water quality in green buildings. During normal operation, rainwater at the net-zero rainwater office was collected and passed through a 20 μm filter, a 5 μm filter, a granular activated carbon (GAC) filter, and then irradiated with ultra violet light at 253 nm at a dose of 30 mJ cm −2 . An additional 0.45 μm filter was installed at each potable tap (bathroom and kitchenette sinks). Water was stored in an 11 350 L (3000 gallon) cistern that was recirculated at 19 L min −1 (5 gpm) through the treatment sequence twice a day for two hours (2270 L (600 gallons) recirculated each time). This configuration created a completely mixed water system as opposed to the approximate plug flow that exists in conventional buildings. Twice a year, the water was treated with a high concentration of bleach (>50 ppm) for 24 hours, after which time the water was completely drained and primed with 5680 L (1500 gallons) of groundwater from an on-grid building nearby. Thus, the office building was not truly "net-zero" water, as advertised, due to extensive water demands for maintenance procedures. 3.1.4 Water sources in the net zero office. Water quality analysis revealed that alkalinity, calcium, and magnesium (~110 ppm as CaCO 3 ,~12 ppm Mg 2+ , and~30 ppm Ca 2+ ) were much higher than expected for rainwater and were actually more representative of the groundwater used for maintenance. This validated the estimation that groundwater, rather than rainwater, made up 38-58% of total water use in the facility. This estimate was based on interviews with occupants and observations made during sampling (Table S1 †).
Disinfectant residual decay
A disinfectant residual was generally not maintained in the plumbing of the green buildings. At the healthcare suite, >80 minutes of flushing was necessary to establish a chloramine residual similar to that present in the main distribution system (Fig. 2a) . Taps at these locations are typically used for 15-30 seconds at a time; therefore, it is unlikely that a chloramine residual is ever present in portions of this plumbing system. Approximately 30 minutes of flushing was required at the net-zero energy house to establish a residual in the cold water system during the first site visit. In contrast, the conventional home had a residual of 0.71 mg L −1 chlorine as Cl 2 in stagnant cold water. The water heaters at the net-zero house had <0.15 mg L −1 chlorine as Cl 2 during a 20 minute flush due to the added storage volume and water age associated with the solar heater (Fig. 1c) . During the second site visit at the net-zero house, influent cold water had a residual of 0.95 mg L −1 as Cl 2 , indicating enough water was being used to maintain a residual during regular periods of low use such as during the night; however, this did not translate to chlorine residuals in the hot water system or at the point of use. Disinfectant residual never increased during the three showering events monitored (netzero house -location 13 in Fig. 2a ). Assuming the hot water had no residual, the 30 gallons of 40°C water used in the shower (of approximately 10 gallons of cold water at 20°C + 20 gallons of hot water at 49°C) is predicted to have a disinfectant residual of 0.31 mg L −1 as Cl 2 . Instead, the highest concentration observed was 0.10 mg L −1 as Cl 2 , which is 68% lower than expected. Therefore, the chlorine residual was either rapidly decaying as it flowed through the short pipes to the shower (via reactions with the pipe material or biofilms) or an instantaneous chlorine demand was present in water from the hot water system. The healthcare suite also showed evidence of very rapid disinfectant residual decay. In all four exam rooms monitored, the first-order decay rate of chloramine in the plumbing was 20-144 times greater than in well-flushed (>80 minutes) water collected from the same tap and placed into a glass container with no headspace (i.e., "control," Fig. 2b ). The highest rate of decay (sample location 4) was observed in Fig. 2 Total chlorine residual concentrations (a) as a function of stagnation in one room at the healthcare suite (large building system above), a tap near the head of the building at the net-zero house (household system above), and during three showering events at netzero house, and (b) as a function of stagnation in several rooms at FS#1 (control represents identical water placed in a glass container with no head space). View Article Online a sink that had been recently replaced, where the newer plumbing material may have been more reactive than older materials. 6 
Microbial constituents
16S rRNA genes, V. vermiformis, Legionella spp., and M. avium were detectable at all green building field sites (Table 2) . Total bacterial levels, as represented by 16S rRNA genes, ranged from 400 gene copies per mL in well-flushed water at the conventional house to 6.46 × 10 7 gene copies per mL (5-log higher) in a stagnant cold water sample at the net-zero energy house. V. vermiformis, Legionella spp., and M. avium ranged from below detection in well-flushed samples to 2.57 × 10 5 , 9.33 × 10 5 , and 4.90 × 10 5 gene copies per mL, respectively, in stagnant or hot water samples. L. pneumophila was detected in nine samples but was never above the quantification limit. 3.3.1 Increased OPPP gene marker detection during stagnation. At all field sites, there were higher total bacterial genetic markers in stagnant samples than flushed samples. The median increase in 16S rRNA gene copies per mL was 2.8 log (p-value 0.007; n stagnant = 18, n flushed = 10). At the healthcare suite, there was also a median increase of 1.64 log in 16S rRNA gene copies per mL in distal hot water sample taps (sample sites 3-6) compared to water collected directly from the water heater (sampling site 7; Table 2 ), but the number of samples was insufficient to conduct statistical confidence testing.
The effects of prolonged stagnation in newly commissioned plumbing systems are effectively illustrated by comparing the first (prolonged stagnation before regular use) and second (regular use) site visits at the net-zero energy house. Overall levels of bacterial genetic markers decreased by up to 1.13 logs with regular water use at sample locations 9-11, but not location 12 (the hot water manifold). The conventional house receiving the same municipal water with a 2-fold reduction in water age yielded >20× less 16S rRNA gene copies per mL in stagnant cold water samples relative to the netzero energy house during regular use. In addition, levels of Legionella spp., M. avium and V. vermiformis gene copies in the conventional house were below the quantification limit in stagnant samples and below the detection limit in flushed samples, whereas detectable levels of these genetic markers were frequently present in hot and cold stagnant and flushed shower samples in the net-zero energy house (Table 2 ). Concentrations of target markers decreased multiple orders of magnitude (1.84-3.11 log gene copies per mL) during the shower event flushing at the net-zero energy house (Table 2) . In contrast, changes in median bacterial 16S rRNA genes between stagnant and flushed samples at the net-zero rainwater office were small in magnitude (0.41 log gene copies per mL), indicating that this universal marker for bacteria was more evenly spread throughout the system (sample sites 14-17; Table 2 ). 3.3.2 Targeted sampling of water heater at the healthcare facility. The top and bottom of the water heater at the healthcare suite was sampled, but such samples were not accessible at the other facilities. Interestingly, samples from the bottom of the water heater had high concentrations of genetic markers of both M. avium (>2600 gene copies per mL) and Legionella spp. (>1500 gene copies per mL), while concentrations were below the quantification limit in water at the top of the water heater. Although this was not confirmed by sampling in this building, one hypothesis for elevated levels of Legionella spp. and M. avium in the bottom of the water heater is that this environment is conducive to regrowth due to warm (not hot) temperatures and high levels of nutrients. 37, 38 3.3.3 High prevalence of OPPPs at the net-zero rainwater office. Quantifiable levels of V. vermiformis and Legionella spp. gene copies were detectable in all samples and M. avium was above the quantification limit in 86% (n = 7) of samples at the net-zero rainwater office. Collectively across the other sites, only 55%, 68%, and 26% (n = 31) of samples were above the quantification limit for gene copies corresponding to V. vermiformis, Legionella spp., and M. avium, respectively.
Discussion
This study reveals cause for concern about the public health implications of green building water systems, particularly with respect to potential creation of conditions ideal for the proliferation of OPPPs. Given the rapid expansion of green building construction at a time when OPPPs are now the primary source of waterborne disease outbreaks, fundamental research is needed to guide green building science down a path that protects public health while also conserving water and energy.
Rapid residual decay
Absence of disinfectant residuals and its rapid decay in green buildings was a major finding of this study. Several factors might have contributed to the high rate of chloramine decay in the healthcare suite in particular, including increased abiotic decay due to elevated temperatures, reactions with cupric ions, plumbing materials, or biofilm and biotic decay due to microbial growth. 6, 9, [39] [40] [41] [42] [43] [44] [45] [46] In the healthcare suite, temperatures at cold taps were sometimes elevated beyond room temperature (>5°C) and there was evidence of low levels of nitrification (Table S2 †) . Although no direct quantification of biofilms was made, there were sometimes over 10 000 times more 16S rRNA genes in stagnant versus flushed samples, confirming significant levels of microbial activity in the stagnant pipes serving the taps compared to the water main. 47 It was previously thought that rapid residual decay is only rarely observed in buildings; 40, 48 however, these results, in concert with Nguyen et al. (2012) , give rise to the concern it may be commonplace in premise plumbing with high water age. Overall, disinfectant residual decay rates in these buildings were 2-16 times greater than reported in previous work in a green plumbing system with a chloramine residual, for which serious problems with lead and consumer complaints of the taste and odor of the water had been reported. 6 It is clear that the reputation chloramine has earned in providing a stable residual for main distribution systems does not always extend to building plumbing systems. 40 
Total bacterial levels
Levels of 16S rRNA genes in stagnant samples from green buildings were orders of magnitude higher than what is typically observed in premise plumbing. A companion survey of distal taps in conventional residences across two chloramine distribution systems using the same qPCR assay yielded levels that were 2-4 orders of magnitude lower than those measured in the green buildings. 31 A study comparing total bacteria via flow cytometry in stagnant to flushed water samples showed up to a 2 log reduction from 8 × 10 5 cell counts per mL in total bacteria over a 40 L flushing volume in cold water taps. 49 The cold water in the conventional home, sampled herein as a control, also harbored about three orders of magnitude less overall 16S rRNA genes than the green buildings. It is apparent that as water age approaches that of conventional buildings overall bacterial regrowth approaches the same low levels. Building designers should be aware of designs that increase water age and water storage, and minimize their effect where possible.
Occurrence of Legionella markers
The levels of Legionella spp. gene markers detected at all three green building sites were high. The average Legionella spp. level in this work was 8.91 × 10 4 gene copies per mL compared to an average of 100 (n = 54) and 2.3 × 10 3 (n = 90) gene copies per mL in samples with quantifiable levels in conventional homes in two distribution systems reported in the companion survey mentioned in section 4.2. 31 This trend is expected, given the higher water age and lack of disinfectant residuals in the green buildings compared to the conventional residences (<0.15 mg L −1 as Cl 2 in this work compared to >2 mg L −1 as Cl 2 in the survey of conventional homes). 31 The higher prevalence of Legionella detected in the rainwater system is of particular concern, as only a small number of studies on the presence of OPPPs in rainwater have been conducted. 27, 50, 51 The focus of these studies has been L.
pneumophila, and concentrations are typically very low (<10 cells per mL) in comparison to those of Legionella spp. observed in this study. Considering there are up to 25 infectious species of Legionella, and given serologic links of disease outbreak to rainwater cisterns, the potential for rainwater storage to contribute to Legionella infections merits further examination. 22, 29, 30 Extensive colonization of the rainwater system with V. vermiformis is also of concern, as it is an View Article Online established host for Legionella amplification. 21 Even if pathogenic microbes are inactivated by the UV treatment in this facility, the amoeba downstream could serve as a means for re-amplification. It should be noted that UV treatment systems can damage DNA such that it is no-longer detectable by qPCR, but the DNA can sometimes be repaired by surviving bacteria. 36 
Temperature and aesthetics
Temperature is also a critical overarching factor that influences the growth rates of microorganisms; for example, Legionella growth is reportedly inhibited below 20°C and above 52°C. 33 Temperature profiles in buildings can fail to achieve their targeted settings; therefore, characterizing a system's temperature profile is suggested as an informative first step in identifying areas of high risk. 20 Risks associated with lower temperature settings and storing warm/hot water must be assessed and balanced with conservation goals, in recognition that there are some necessary compromises at the nexus of public health, sustainable water, and sustainable energy. International plumbing codes have recently put limits on the amount of hot water volume in pipes to distal taps, which might help to reduce water age and associated problems in the future, especially if similar considerations are made for cold water lines as well. 52, 53 However, smaller diameter pipes have higher surface area to volume ratios, which might create another set of problems relative to biofilm formation and disinfectant residual demand. Aesthetics can also be a critical factor in the ultimate success of green building water systems. For example, waterless urinals have received poor consumer reviews and, in many cases, are replaced well before reaching their design life. 54 Other aesthetic factors could also hinder the success of green building water systems if not considered carefully in advance. In this study, aesthetics of the warm (23-29°C) ambient temperature of the cold water in the rainwater office could be undesirable to some users who are accustomed to cooler water for drinking, especially compared to the lower temperatures provided from conventional on-demand well systems. 55 In addition, there is increased likelihood to develop tasteand odor-causing compounds due to increased water age and microbial growth at elevated temperatures.
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A temporary practical solution and limitations
Regular flushing of water is one practical approach to addressing water quality and public health concerns in green buildings connected to water mains. Prior work in a LEEDGold certified building with very high water age solved problems with elevated lead and microbial growth by regularly flushing a small volume of water (3 minutes of flushing every 6 hours, <1% of the total daily flow in the green building) to regularly introduce some fresh water with disinfectant into the system. 6, 57 While flushing and wasting water may be viewed to conflict with the conservation goals of green buildings, it may serve as a temporary solution to maintaining a disinfectant residual within buildings and assist microbial regrowth control. In the prior case study, temporary flushing provided semi-permanent benefits. Consistently maintaining a disinfectant residual is a known master variable governing microbial quality of drinking water and microbes recover quickly after the residual decays. 58 Microbial regrowth control in off-grid net-zero water facilities, on the other hand, may prove to be an even greater challenge because simple flushing will not introduce a disinfectant residual from the water main. Intermittent/continuous recirculation in off-grid systems, which would decrease water stagnation but not water age, is not expected to improve water quality since microbes can accumulate and are not as readily washed from the system compared to conventional plug-flow configurations. Increased Legionella spp. growth has been observed in continuously recirculating versus completely stagnant conditions in a controlled pipe loop at room temperature with no disinfectant residual, conditions that are similar to the system layout observed at the net-zero rainwater office. 59 Other work also suggests that recirculation can be a determining factor associated with increased detection of Legionella. 60 In such circumstances, maintaining higher hot water temperatures and dosing a disinfectant within the building may be necessary to control OPPP regrowth, though there are concerns related to efficacy and practicality of in-building disinfection systems.
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Conclusions
This work raises concerns with respect to the chemical and microbiological stability of water quality in systems with high water age. The green buildings sampled had exceptionally high water age, and it appears that elevated water age is inherent to achieving sustainability goals of many green building plumbing systems. The rapid rate of disinfectant loss in buildings with high water age needs to be better understood and addressed. A temporary solution to water quality problems in green buildings connected to drinking water mains involves routine flushing to maintain disinfectant residuals, improve corrosion control, and achieve temperature targets. Long-term solutions include determining if specific water chemistries employed by the utility can retain chemical and microbial stability of water in the distribution and premise plumbing system. Further, research is needed to determine if there are specific premise plumbing devices or plumbing materials that should be avoided.
Conservation strategies employed at each green building created both hot and cold water temperature profiles in plumbing that are conducive to OPPP growth during stagnation. Therefore, strategies for effectively maintaining target temperature profiles in buildings need to be explored. Design of green buildings with water conservation features should minimize overall water age and eliminate unnecessary water storage and should give special attention to avoiding conditions conducive to OPPPs. Determining how severe these anticipated problems are, and how widespread they are likely to become, is a high research priority given the massive investment society is making in green buildings.
